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Abstract:

The Seismic Amplitude Ratio Analysis method (SARA) was applied to data recorded during six days 
before the May 13, 2008 eruption of Mt. Etna to test its potential as a forecasting attribute. By using 
this method, the magma migration path, as well as the seismic migration, can be determined with 
the amplitude of continuous data recorded at least at one pair of stations from a seismic network 
near the eruption site. Due to the sudden changes in the seismic amplitude ratio calculated for 
each pair of stations, the seismic migration trend, as well as the magma path at depths, were 
clearly detected before the main eruption. The start and end times of the seismic swarms were 
also determined. The standard practice to achieve similar results is to use volcanic tremors, which 
must be pre-selected thus reducing efficiency and increasing the time needed. By using the whole 
seismic signal, the method provides a simpler semi-automated alternative, especially for places 
where it is not possible to record tremors continuously. This simple method is useful to reduce 
uncertainties relative to hazardous magma propagation during volcanic unrest, as it helps to 
improve the accuracy of locating seismic swarms and it allows determining the direction of magma 
movement at depth before the eruption. We also analyzed the amplitude ratio trend using Mann-
Kendall and Sen’s estimator test. The results of these tests confirmed a positive and increasing 
trend from the day before the eruption in most pairs of stations.

Keywords: Magma migration; Seismic Amplitude Ratio Analysis; Etna volcano; Eruption; Seismic 
swarms

1. Introduction

Creating a reliable scientific platform for regular and inexpensive volcanic monitoring is an important task on a
global level. Estimating the dynamic of magma migration and seismic swarms before eruptions are one of the most 
effective seismic methods for volcanic monitoring.

One way to track magma movement before an eruption is using seismic signals. Seismic swarms are a common 
occurrence at volcanoes around the world and are often accompanied by periods of increasing volcanic activity. 
The severity and extent of seismic swarms before eruptions have led to their use in forecasting eruptions.
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In the Seismic Amplitude Ratio Analysis method (SARA), the amplitudes recorded in different stations are used 
to determine the location of accumulated seismic energy and its migration path. In the absence of an earthquake, 
stations can continuously detect and locate seismic energy, making SARA a practical method for volcano monitor-
ing [Tan et al., 2019]. Earthquake localization using the SARA method was originally introduced as an alternative to 
overcome the limitations of traditional earthquake location methods, without the need for phase picking, especially 
during seismic swarms [Battaglia et al., 2005]. Later, in addition to locating earthquakes, this method was applied to 
determine the movement of magma before the eruption i.e., for the volcanoes: Piton de la Fournaise [Taisne et al., 
2011], Tolbachik [Caudron et al., 2015], Bardarbunga and Hoiuhraun [Caudron et al., 2018], Virunga [Subria et al., 
2019] and good results were achieved that correctly indicated the path of magma migration, before the related main 
eruptions. Tan et al. [2020] introduced a modified method called Red-flag SARA, which also calculated temporal 
changes in slope ratios, and implemented this method on Piton and Gede volcanoes. By performing this method, 
they examined the migration of magma in three stages: 1) Magma migration leading to intrusion 2) Magma migra-
tion leading to the eruption and 3) Seismic migration without magma migration. It should be noted that as the Red-
flag SARA method is based on a statistical approach, the records from many more stations are required.

As the Etna Volcano is the largest active volcano in Europe and one of the best monitored volcanoes in the 
world, many articles have been presented on various methods to monitor and track the magma before an eruption, 
as well as assessing the related risk. Aloisi et al. [2009] used continuous GPS data from May 2008 to December 
2010 and analyzed them in order to assess the volcanic hazard and model the active sources of the Etna volcano. 
Crisci et al. [2010] used a computational model to simulate the flow of lava before an eruption occurred and predict 
the eruption time. Barreca et al. [2013] also performed three-dimensional modeling of Mount Etna to evaluate the 
volume and trend of the eruption rate, by calculating the amount of magma emitted over time. Viccaro et al. [2016] 
used a combination of geodetic, seismic and petrological data, to estimate the location and time of magma migra-
tion before the eruption. Aloisi et al. [2017] investigated how increased stress in the region due to seismic swarms 
could cause more magma activity and eventually an eruption in Mount Etna. De Plaen et al. [2019] investigated the 
possibility of tracking the temporary changes in the velocity of seismic waves before the main eruptions of Etna 
using autocorrelation of ambient noise and developed a tool for volcano monitoring. Also, Laiolo et al. [2019] by 
combining satellite, infrasonic and seismic tremor data, tracked the shallow magma movement in Etna.

In this research, the SARA method was applied to the 2008 Etna main eruption. The main reason for selecting 
this eruption was that it is one of the most significant and intense eruptions of Etna with extensive studies and 
there was a good possibility to compare the previous results with the results of this research in the field of volcano 
activity monitoring.

2. Chronology of the eruption

Etna is located on the east coast of Sicily, Italy, and is the highest active volcano in Europe. This is a hybrid vol-
cano that formed at the intersection of two fault systems [Lo Giudice et al., 1982]. The volcanic activity of Mt. Etna 
includes continuous activity at the summit, with episodic paroxysmal events and flank eruptions that are preceded 
by intrusive seismic swarms and ground deformation [Allard et al., 2006; Gambino et al., 2018; Hajian et al., 2019]. 
The permanent seismic network of Mount Etna consists of 33 broadband stations and 12 short-term stations run 
by the Istituto Nazionale di Geofisica e Vulcanologia Osservatorio Etneo (INGV-OE). In this study, the seismic data 
of three stations (EBEL, EPDN and EPLC) were used to analyze the ratio of amplitude (Figure 1). Each station is 
equipped with a three-component Trillium seismometer and has a sampling rate of 100 Hz [Cannata et al., 2013].

Between 2007 and early 2008, a process of activity was recorded by INGV-OE at Mount Etna, which climaxed on 
13 May 2008. The eruption was accompanied by relatively intense seismic activity so that in the first 6 hours, about 
230 seismic events occurred [Aloisi et al., 2009; Alparone et a., 2012; Bonaccorso et al., 2011a]. On 13 May, a new 
eruptive fissure opened between 3,050 and 2,650m elevation on Etna’s upper eastern flank (as shown in Figure 2), 
feeding magma streams into the Valle del Bove. This eruption occurred after a recharge phase began in 2006 and 
was accompanied by numerous lava fountain episodes from the Southeast Crater (SEC) [Bonaccorso et al., 2011b; 
Wunderman et al., 2008].

Three days before the main eruption on 10 May 2008, one of the most intense activities of the volcano occurred 
due to the opening of a new vent at the eastern base of the SEC. A few hours before the start of the main eruption 
on 13 May, a shallow seismic swarm began at 8:39 in the morning and continued until 15:25. About 240 earth-
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quakes were recorded during this period, most of which occurred in the first two hours of the eruption (as shown 
in Figure 3). These events were located in the north-eastern summit area at a depth between 1500 m b.s.l. and 
1500 m a.s.l. The Spatio-temporal distribution of earthquakes showed a northward migration that was interpreted 
as a stopped shallow intrusion towards this sector of the volcano, confirmed by the propagation of non-eruptive 
fractures from the summit towards NNW [Wunderman, 2008].

Figure 1. �The digital elevation map of Mt. Etna with locations of the seismic stations; note that five of these stations 
were used in this study (EBEL, ECCS, EPDN, EPLC and ECPN). The distribution of the four summit craters by 
DEM is shown in the upper left corner of the image (VOR: Voragine, BN: Bocca Nuova, SEC: Southeast Crater, 
NEC: North-East Crater). The distance of EBEL from each of the summit craters (VOR, BN, SEC, and NEC) is 1.7, 
1.8, 1.2, and 2 km, respectively [Redrawn after Spina et al., 2014].

Figure 2. �Map of the lava flows from 2006 to 2008, including the 2008 eruption. Summit craters are Northeast Crater 
(NEC), Bocca Nuova (BN), South East Crater (SEC), and Voragine (VOR), whose recently active vent on the 
E flank is labeled SEC-E. The upper E flank fissure system is prominent by two sections: (A) Active on the morn-
ing of 13 May. And (B) the activity of this part started from the afternoon of May 13 and continued until June. 
Courtesy of INGV-OE [Wunderman, 2008].
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The epicenter’s time pattern evidenced an almost stationary distribution in the upper flanks of the Valle del 
Bove until 9:30 GMT. Thereafter, a clear migration of the seismic events occurred toward the top of the North‑East 
Rift, suggesting a northward propagation of a magmatic intrusion. Earthquakes were accompanied by a gradual 
and intense increase in the intensity of volcanic tremors. The main release of seismic energy occurred up to 10:00 
GMT when the tremor amplitude drastically decreased but returned to normal background levels only on 14 May 
[Bonaccorso et al., 2008].

3. Method

Seismic Amplitude Ratio Analysis (SARA) has been successfully used to track the subsurface migration of mag-
ma before the eruption of some volcanoes such as Piton de la Fournaise, Tolbachik, Bardarbunga, and Hoiuhraun. 
This method is based on calculating the ratio of recorded seismic amplitudes from each pair of stations and ana-
lyzing the results. The SARA method can show the migration of magma in a shallow part of the volcanic structure 
and is also used to locate volcanic earthquakes without needing to perform phase picking. Since these calculations 
use independent stations and the damping is likely to be eliminated in short periods of seismic swarms [Tan et al., 
2019], any change in amplitude can be attributed to the displacement of the seismic source, which implies stress 
migration and ultimately magma migration. Considering amplitudes of the two different stations, the seismic am-
plitude ratio is calculated by [Caudron et al., 2015]:
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 and A1 and A2 are the seismic amplitudes at stations 1 and 2, respectively; A1cor and A2cor are the correct-

ed amplitude at stations 1 and 2, respectively; r1 and r2 are the distances between the seismic source and stations 
1 and 2, n = 1 for body waves and n = 0.5 for surface waves, 𝛽 is the seismic wave velocity, Q is the Quality Factor 
for attenuation and f is the central frequency. We then seek a spatial location such that the theoretical ratios best 
fit the observed ones for the set of station pairs [Taisne et al., 2011].

In this study, shear wave velocity was used because the amplitude of S-waves is larger than that of body waves 
and also the S-wave radiation pattern was assumed to be isotropic at frequencies higher than 1 Hz [Battaglia and 
Aki, 2003; Takemura et al., 2009].

Figure 3. �Location of seismic swarms that occurred before, during, and after the 13 May 2008 eruption of Etna volcano 
as a function of latitude versus time. The size of the circles is commensurate to the duration magnitude 
(M Dmin = 1.0, M Dmax = 3.3). Inset shows the map of the summit area with the position of the epicenters 
[from Bonaccorso et al., 2011].
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Natural logarithm (ln) of the amplitude ratio is used to better present and discuss the results:
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The appropriate values of Q and 𝛽 were selected according to the seismicity and studies conducted in the re-
gion, as well as the frequency spectrum studied. Different values of site amplification factor for separate stations 
are used to calculate corrected amplitudes and find the best fit between observed corrected amplitudes and theo-
retical amplitudes.

To investigate the effect of the quality factor value on the trend of changes, the amplitude ratio of a pair of sta-
tions (EBEL/ECPN) on the day of the eruption (13 May 2008) was plotted with four different quality factors values 
(Figure 4). Selected quality factor values include maximum, minimum, and most frequently repeated values of this 
factor in articles related to the study area. [Del Pezzo et al., 2014; Patanè et al., 2008; Giampiccolo et al., 2007].

Figure 4 reveals that different values of the quality factor have no effect on the trend of changes in the amplitude 
ratio and only move the curves on the Ln scale. Finally, by selecting the appropriate values (Q = 110, n = 1, 𝛽 = 1000 
m/s) and determining the distance of the stations using the coordinates of seismic stations [Behncke.,2009], the 
amplitude ratio between each pair of stations was calculated theoretically using Eq. (1).

Figure 4. �Theoretical ratios(A1/A2) between a pair of stations (EBEL- ECPN) for different Q values in main eruption day 
(13 May 2008).

4. Data Processing and Analysis

This study used continuous seismic data recorded from three stations EBEL, EPDN, and EPLC, that are close to 
each other and also close to the active craters (Figure 1). These stations are part of the volcano seismic network at 
the Istituto Nazionale di Geofisica e Vulcanologia, Osservatorio Etneo - Sezione di Catania (INGV-OE). The network 
consists of three-component broadband digital seismometers with a sampling rate of 100 Hz and cut-off period of 
40 s. Here, we only used and processed the vertical component.

The data were processed by MSNoise software [Lecocq et al., 2014], and then the steps were performed by the 
Taisne method [2011]. The steps of data processing in this software are shown in Figure 5. After preparing and 
processing the data, the seismic amplitude ratio of each pair of stations was calculated and plotted using the SARA 
plugin in MSNoise software (as shown in Figure 6). The first stage of data processing involved preparing the wave-
forms for each station separately for checked quality and gaps (Figure 7). Then, the vertical components of daily 
recordings are divided into 30 min segments. In the next step, segments are demeaned and detrended, then traces 
are normalized to three times the root-mean-square (RMS) and spectrally whitened between 0.01 and 10 Hz. In 
the following, the daily cross-correlations between a pair of stations are computed. The cross-correlation function 
(CCF) is filtered between 5 to 15 Hz since, as suggested by [Laher 1994] because a large amount of energy is released 
in this frequency range. In the last step the amplitude ratios of each station pair are computed using summation 
over a one-minute window (see Table1).
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ValuePre-process steps

86400 (S)Analysis duration

5Decimation factor

1 (Hz)Envelope sampling rate

5 (Hz)High pass filter

15 (Hz)Low pass filter

20 (Hz)Pre-process sampling rate

5 (S)Pre-process taper length

Table 1. Data pre-processing steps.

Figure 5. �Flowchart of waveform pre-processing in SARA method [Lecocq et al., 2014].
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To demonstrate the efficiency of the method, we focused on the Etna volcano eruption of 2008. Although 
the permanent seismic network around Etna volcano included 37 three-component trillium seismic stations 
[Alparone et al., 2012], only three of the closest stations to the NEC crater of Etna were selected. One of the im-
portant advantages of SARA’s method is that it is not necessary to use all pairs of seismic stations and if eventually 
one or more stations in the network are damaged, this will not affect the results because the analysis can be imple-
mented with a fewer number of stations.

We checked data for quality and possible gaps. As depicted in Figure 7, on 10 May 2008, there was a significant 
increase in the amplitude of the seismic signals at 14:00 UTC, indicating the beginning of a period of a paroxys-
mal eruption. Figure 8 shows that on the morning of 10 May, there is a significant change in the ratio of seismic 

a)

b)

Figure 7. �a) Waveforms of the three stations used in this study versus time. Waveforms are computed from the Z compo-
nent of raw data with a sampling frequency of 100 Hz. b) Frequency spectrum related to part a.

Figure 6. �Workflow schematic view of the SARA plugin of MSNoise software.
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Figure 8. �Seismic amplitude ratios: Seismic envelope calculated every second at EBEL, EPDN, and EPLC in the 5‑15 Hz 
frequency band. Significant times are shown with black arrows and the time of the main eruption is shown with 
red stars. The amplitude ratio anomaly observed on 10 May is consistent with the lava fountain event.

Figure 9. �Seismic amplitude ratio charts of three pairs of stations (EBEL-EPDN, EBEL-EPLC, and EPDN-EPLC). The two 
periods of magma migration are shown by red lines.
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amplitudes recorded at pairs of stations (EBEL/EPLC and EBEL/EPDN), which coincides with the lava fountain 
episode that began at 14:00 the same day. Studies show that the trend of amplitude ratios between stations does 
not depend on damping law but is a function of source location change [Caudron et al., 2015]. In this case, the ratio 
increase is caused by magma migration toward NEC where a paroxysm occurred and EBEL is the closest station to 
this crater. The most energetic phase, which shows the greatest changes in the ratio of seismic amplitudes recorded 
at the pairs of stations, occurred on the morning of 13 May, which coincides with the beginning of the intrusive 
seismic swarm, intrusion, fracture opening, and finally the main eruption (Figure 8). In the next step, the ampli-
tude ratios of the three pairs of stations were calculated and the variations were plotted separately in three graphs 
(Figure 9). All three pairs of stations showed a sudden and temporary increase in the amplitude ratio before the 
lava foundation stage and main eruption. Although we used the whole seismic signal and did not limit ourselves to 
using tremors, the results are in good agreement with the results of similar articles that examined changes in the 
amplitude of tremors before the same eruption [Bonaccorso et al., 2011]. A comparison of Figure 10 with Figures 8 
and 9 confirms this.

Figure 10. �Volcanic tremor amplitude from 1 May 2008 to 13 May 2008. The red dots are related to the events recorded 
on the day of the eruption (May 13). The first sudden change in the amplitude of the tremors occurred on May 
10, at the same time as the lava fountaining, and the second abnormality was observed on May 13, a few hours 
before the main eruption [from Bonaccorso et al., 2011].

Figure 11. �Seismic amplitude ratios on the logarithmic scale on 12 and 13 May 2008. Important periods are marked with 
black dashed lines.
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5. Mann-Kendal trend test

We used the Mann‑Kendall trend test to evaluate the uncertainty of the SARA method. This test is a nonpara-
metric method that examines the existence of trends in time series. It was introduced by Mann [1945] and Kendall 
[1975] improved this method.

In this test, the Kendall correlation coefficient (τ) and statistical parameter p-value are calculated. The p-value 
is a probability that measures the records versus the null hypothesis. The p-value (<0.0001) shows that the null 
hypothesis is rejected and there is a possibility of a significant trend in the time series.

Kendall tau coefficient is the number of concordant pairs of observations (C) minus the number of discordant 
pairs of observations (U) with respect to a monotonic increasing time series is defined as follows:

	 𝜏 = 

 

 

𝜏𝜏 =
𝐶𝐶 − 𝑈𝑈
1

2)𝑛𝑛(𝑛𝑛 − 1).

	

	

� (3)

where 𝑛 is the number of data points and τ changes are in the range –1 ≤ τ ≤ 1. If the amplitude ratios are almost 
constant, it gives a value close to zero, and if the amplitude ratios show an increasing or decreasing trend, the 
values are closer to ± 1.

This test was performed, with a 95 percent confidence level and the significance level 𝛼 = 0.05, on the amplitude 
ratios of 10 pairs of stations for the day of the eruption and the day before (12 and 13 May 2008). The results are 
reported in Table 2.

Sen’s slopeKendall’s taup-valuePairs of stations

0.4880.498<0.0001EBEL.ECPN

0.2610.182<0.0001EBEL.EPDN

0.8580.208<0.0001EBEL.EPLC

0.0010.154<0.0001ECCS.ECPN

0.0100.147<0.0001ECCS.EPDN

0.010.146<0.0001ECCS.EPLC

0.2950.560<0.0001EPDN.ECPN

0.0020.0020.898ECPN.EPLC

0.5490.349<0.0001EPDN.EPLC

83.1780.266<0.0001EBEL.ECCS

Table 2. Mann-Kendall test coefficients for 10 pairs of stations.

This test is based on comparing hypothesis zero(H0) and one (Ha) and finally accepting or rejecting hypothesis 
zero. Here H0 means there is no trend in amplitude ratios and Ha means there is a trend in ratios. As the computed 



Monitoring magma migration at Mt. Etna

11

p-value is lower than the significance level (𝛼 = 0.05) for all pairs of stations except ECPN.EPLC (Table 2), one 
should reject the null hypothesis H0, and accept the alternative hypothesis Ha. Also, due to the positive Kendall Tau 
coefficient, an increasing trend for all pairs of stations is approved. Therefore, in 90% of the pairs of investigated 
stations, we have witnessed a significant increase in the ratio of seismic amplitude recorded at pairs of stations 
starting from the day before the eruption.

The Sen’s slope of the trends on the time series of the three pairs of stations studied in this paper is shown as 
a sample in Figure 12.

As shown in Figure 12, Sen’s slope for all three pairs of stations is positive, which quantitatively confirms the 
increasing trend of amplitude ratios.

6. Discussion

Temporal changes in the ratio of seismic amplitudes can happen for two reasons: 1 – the law of attenuation and 
2 – the change in the distance between the source and the receiver. Since this method uses a pair of independent 
and close stations, attenuation at this distance is unlikely to occur and the reason for the changes observed is re-
lated to the location of the seismic source, due to stress migration and magma migration. Each pair of stations in 
Figure 9 shows clear fluctuations in two separate periods. Around two hours before the main eruption, significant 
changes were observed in the amplitude ratio of the seismic waves as well as the location of the source (Figure 9). 
Although the whole seismic signal was recorded at the seismic stations used to analyze the amplitude ratio, the 

Figure 12. �Time series of amplitude ratio for 3 pairs of stations on 12 and 13 May 2008.



Ghazaleh Rasaneh et al.

12

results and changes observed were very consistent with the results of using the amplitude ratio of volcanic tremors 
for the same eruption (Figure 10) [Bonaccorso et al., 2011]. The first significant variation is detected on 10 May, at 
the same time as the lava fountaining at SEC crater, and the second stage of fluctuation starts between 12 and 13 
May. To examine these changes more closely, the amplitude ratio was plotted on a logarithmic scale, for 12 and 
13 May (Figure 11). Figure 11 shows a clear change in the amplitude ratios for all seismic station pairs and conse-
quently, it shows significant seismic energy released approximately one day before the eruption; the most ener-
getic stage occurred at 10:00 (GMT) on 13 May, coinciding with a strong seismic swarm that began at 8:40 (GMT).

With the onset of a seismic swarm, the ratio increased at EPDN/EPLC, but the ratios of the other two pairs of 
stations (EBEL/EPLC, EBEL/EPDN) first show a relatively sharp decrease and then increased again corresponding 
to lava flows (Figure 13). For both ratios including the EBEL, observations show that the seismicity is moving to-
wards this station which is consistent with the location of the eruption (see Figure 1 for EBEL station position). As 
we know the location of the eruption, we can determine the possible path of the magma. The continuous increase 
in the ratio of EPDN/EPLC on the day of the eruption in Figure 13, which coincides with the onset of the seismic 
swarm, indicates the possibility of vertical migration of magma between these stations. On the other hand, the 
ratios decrease at other stations, in the same period, which could be a sign of lateral migration of magma to station 
EBEL (which is close to the eruption site).

We examine only the temporal evolution and the process of change instead of the actual values. However, the 
possible path of magma determined by this method is compliant with prior studies in this field [Aloisi et al., 2009; 
Bonaccorso et al., 2009; Wunderman., 2008].

Finally, SARA results have been combined with ground deformation results to furnish new insights; we have 
considered the double intrusive model of Aloisi et al. [2009] obtained by using tilt and GPS [Palano et al., 2010; 
Ferro et al., 2011; Gambino et al., 2014] data. They evidenced two dike intrusion sources: the first is an NNW 
oriented tensile dislocation (source 1 in Figure 13b), 1.6 km wide with an opening of about 1.0 meter close to the 
eruptive fractures; the second, with a width of 1 kilometer and an opening of 1.2 meters, located NW for the first 
model (source 2 in Figure 13b). This last dike intrusion did not reach the surface but caused a large fracture field 
within the north part of the summit region, consistent with the northward seismicity migration shown in Figure 3.

Figure 13 reports the EBEL/EPLC and EBEL/EPDN ratios during the morning of 13 May. These ratios show a 
particular pattern with phases of increasing and decreasing. EBEL/EPLC and EBEL/EPDN ratios (Figure 13) may 
suggest that the increasing phases may be related to source 1 as EBEL seismic energy is higher than EPLC and 
EPDN. Instead, during the decreasing phases, EPLC and EPDN seismic energy increased, suggesting that source 2 
may have been predominant.

a) b)

Figure 13. �a) EBEL to EPLC and EBEL to EPDN ratios recorded during 7:00‑12:00 GMT of 13 May. b) Dike sources modeled 
by Aloisi et al. [2009] (red lines) and the 2008 eruptive fissure (purple line).
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7. Conclusions

Although the SARA method does not calculate the absolute values of seismic amplitudes, it provides a good 
insight into magma migration by examining the trend of changes in the amplitude ratio. We applied the SARA 
method using 8-days of data from three seismic stations near Mount Etna, and despite the limited data, the results 
were convincing and informative. Based on the analysis of the seismic amplitude ratios for the three mentioned 
stations used in this research, two significant changes came to light, the first of which relates to 10 May, a few hours 
before the lava fountain occurrence, and the second fluctuation, observed on 13 May, which could be interpreted as 
an indicator for the posterior magma migration. Quantitative analysis of the results using the Mann-Kendall test 
and Sens slope values also confirmed a significant increase in the ratio of seismic amplitude.

This easy and practical method could be widely and continuously adopted in observatories and used as a fast 
and permanent tool for monitoring volcanoes. We found that the SARA method has a number of advantages and a 
few limitations, the advantages being:

	– Automatic determination of start and end time of seismic swarms and also seismic migration before the erup-
tion.

	– Tracking the trend of subsurface magma migration before eruptions, especially in shallower parts of volcanic 
structures.

	– As shown in this research, the SARA method detects migration even in the absence of continuous earthquakes, 
so it is also useful for eruptions that are not associated with seismic events.

	– As in this study, the magma migration was tracked using only 3 seismic stations close to the eruption location, 
implying that the SARA method is applicable even when a small number of seismic stations is available. There-
fore, it could be useful for volcanos that lack advanced seismic stations networks.

	– In this article, we did not limit ourselves to the use of volcanic tremors and used the whole recorded seismic sig-
nal in pairs of stations, and the results were similar to the use of tremors [Bonaccorso et al., 2011]. This method 
can be applied for volcanic sites where there is no complete continuous information about tremors.

	– In this article, MsNoise open-source software was used to implement the SARA method at Mt. Etna volcano. 
This software can be connected directly to the database, automatically processing the data archive and per-
forming the necessary calculations and categorization daily. By linking this software to the database of each 
volcanic station, this method can be implemented automatically and used to continuously make evaluations 
which could prove very useful for early warnings of the main eruption.

Despite the extraordinary advantages, mentioned above, the SARA method still has a few limitations:
	– The efficacy of the method depends on the quality of the pre-information about the study area such as Quality 

Factors, and seismic velocities.
	– Uncertainty of the method, like any other seismic locating method, depends on the signal-to-noise ratio, net-

work configuration, and position of seismic sources. However, if stations are selected close to each other and 
close to the eruption site, these limitations can be attenuated.

Despite the limitations of the SARA method, this simple algorithm can be applied to a wide range of volcanoes 
throughout the world. Our future objective is to make this method smarter, using machine learning, and get a quick 
answer on the presence or absence of eruption-related migration and quick real-time assessment that could prove 
a powerful and intelligent tool for monitoring volcanoes.
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